years ago (Ga). Argon and lead losses (and correlated disturbances in the Rb-Sr system) were attributed to metamorphism of the lunar crust by an enormous number of asteroid and/or cometary collisions in a brief pulse of time [Ͻ0.2 ϫ 10 9 years (Gy)] in what was called the lunar cataclysm. This single event would have created the large basin structures and resurfaced much of the moon.
Subsequent high-precision 40 Ar- 39 Ar analyses of Apollo 14, 15, and 17 and Luna 24 impact melt rocks (3-7) indicated a range of ages, but none older than 4.0 Ga, supporting a cataclysm theory. However, the Apollo and Luna sample sites are restricted to the nearside equatorial region of the moon, within or near impact basins. Thus, the ages in these collections may be dominated by the Nectaris, Crisium, Serenitatis, and Imbrium impact events, which may obscure evidence of earlier events and may not reflect the global impact record on the moon.
Lunar meteorites, which were only recognized after the Apollo missions, provide a new opportunity to test the hypothesis. These are samples of the moon randomly ejected from the lunar surface (8) without enough velocity to escape the Earth-moon system. They experienced only mild shock during launch (9) and typically landed on Earth after ϳ1 ϫ 10 6 years (My) in space (9, 10) . Meteorites that are chemically distinct from Apollo samples may not have been affected by nearside equatorial basin impacts. Instead, impact melt clasts within these meteorites may have been formed in large-impact events in other regions of the moon (11) .
We selected four lunar meteorites that are highlands regolith breccias, meaning they contain a variety of clasts from a few-kilometer area (9), including abundant impact melt (15 to 50% by volume). Two were collected in Antarctica (MAC 88105 and QUE 93069) and two in the Libyan desert (DaG 262 and DaG 400). Solar wind abundance measurements (12) show that DaG 262 and DaG 400 are not paired and, thus, were launched from the moon in different events. The cosmic-ray exposure (CRE) history of MAC 88105 (13, 14) distinguishes it from the other meteorites in this study, indicating a third launch event. Although QUE 93069 is similar to DaG 262 in chemistry and in CRE age, melt spherules are abundant in QUE 93609 and are lacking in DaG 262 (15), indicating their origins from different places on the moon.
Typical impact melt clasts were crystalline, fine-grained, microporphyritic, and plagioclaserich. Their textures are similar to impact melt clasts identified in Apollo and Luna samples (16, 17) , indicating their formation in relatively large impacts in which substantial amounts of melt were produced. In these large melt sheets, a slow cooling rate facilitates recrystallization and degassing. Although the textures of the lunar meteorite impact melt clasts are similar to those in the Apollo collection, their major element chemistry is quite different. The meteorite clasts are very anorthositic (An [95] [96] [97] [98] ) and have, on average, 2 to 6 weight percent (wt%) less FeO and 1 wt% less TiO 2 than Apollo impact melts (17) . In addition, the meteorite clasts contain ϳ0.01 wt% K 2 O and Ͻ0.08 wt% P 2 O 5 , elements that are abundant only in KREEP material [ϳ1 wt% K 2 O (K), rare earth elements (REE), and ϳ0.1 wt% P 2 O 5 (P)], which appears to be localized to the Procellarum region on the lunar nearside (18) . The absence of this material in the meteorites indicates an origin on the east limb or farside.
Splits with masses ranging from 30 to 150 g were extracted from melt clasts for 40 Ar- 39 Ar dating. After neutron irradiation, samples were step-heated with a continuouswave laser (19) . Of the 43 samples that were dated, 31 had interpretable 40 Ar- 39 Ar spectra. On the basis of the Ar release plateaus, isochrons, and K/Ca ratios of the data (after corrections for blanks, interferences, and cosmic-ray spallation), an age was computed for each sample (Table 1) .
Each meteorite samples at least one distinct impact event, and at least seven different impact events are represented ( Fig. 1 and Table 2 ). There is a distribution of separate events from 2.76 to 3.92 Ga, suggesting there was a large number of impacts before ϳ3 Ga. Although the existence of older impact melts with the data set cannot be ruled out, the data are consistent with a cataclysm. The simultaneous analysis of a 4.45-Ga clast from the H-chondrite Ourique (20) indicates that the ages are not artificially young because of systematic error in the data collection or reduction. The lack of impact melt ages older than 3.9 Ga is similar to the limit seen in the ages of Apollo impact melts, indicating that the intense bombardment recorded in the nearside equatorial region was a global phenomenon. Some impact melt ages are younger than the 3.9-Ga cataclysmic event but have textures similar to melt rocks formed in large impacts (3, 4) . There are ϳ300 craters with diameters 30 to 260 km that are stratigraphically post-Imbrian in age (21) which could have created these melts. Lunar spherules from the Apollo 14 site, which, because they cooled too quickly to recrystallize, may have been formed in even smaller impacts, have a similar age distribution (5). While impact melt older than 3.9 Ga is not present in these two data sets, very few young (Ͻ3.6 Ga) ages have been found for Apollo and Luna impact melt rocks, though they do exist (7). The sheer volume of impact melt created by the ϳ3.9-Ga basin-forming impacts may be biasing the sample age distribution in nearside melt rocks.
Correlation of Apollo samples with impact basin stratigraphy suggests that 80% of the lunar surface was resurfaced by craters and ejecta between the formation of the Nectaris and Orientale basins (21). This period of time was Ͻ0.2 Gy (2) and possibly was as brief as 0.02 Gy (22). Bombardment models based on the assumption of a steady falloff in the lunar cratering rate (23) predict a large number of impact melt samples older than 3.9 Ga. Other models (24, 25) to produce the observed impact melt distribution assume that isotopic resetting is easier and more widespread and that crustal pulverization is more extensive than experiments would suggest (26, 27). A "spike" in impactor flux at ϳ3.9 Ga (28) is the easiest way to match the impact melt age data.
The abundance of young impact melts and spherules might be explained by prolonged delivery of material from a catastrophic breakup event in the asteroid belt, though this may be dynamically unlikely at ϳ4 Ga (29). The distribution of ages suggests the bombardment may have lasted up to 0.5 Gy, as smaller debris was swept up by the moon following the larger basin forming events. Impact ages in eucrites, mesosiderites, and other meteorites have a similar distribution: none are older than ϳ3.9 Ga, with ages tailing down to 3.4 Ga or younger (30), suggesting the cataclysm affected the entire inner solar system, including Mars.
The cataclysm produced Ͼ1700 large (20 to 1200 km diameter) craters on the moon (21). The number of impacts occurring on Earth would have been at least an order of magnitude larger, implying Ͼ17,000 large impact events in a brief time. The largest of these probably produced immense quantities of ejecta, temporarily charged the atmosphere with silicate vapor, and boiled away large quantities of surface water (31). Coincidentally, the earliest isotopic evidence of life on Earth is also ϳ3.9 Ga (32). If a swarm of impactors at 3.9 Ga returned the surface of Earth to a hot and energetic state, the rise or evolution of life on Earth would have been affected. The effect may have been detrimental, by destroying existing life or organic fragments (33), or beneficial, by delivering precursor molecules (34) and providing suitable environments for evolution (35) . Either way, a catastrophic bombardment of the Earth-moon system affected the origin and evolution of life. holders for 500 hours at the University of Michigan, producing a J-factor of 7.33 ϫ 10 Ϫ2 . K 2 SO 4 and CaF 2 salts were irradiated simultaneously to correct for reactor-induced interferences, Ga1550 biotite was used to derive the neutron fluence, and MMHb-1 hornblende was used as a check. The calculated ages for three aliquots of MMHb-1 were 523.6 Ϯ 8.2, 523.3 Ϯ 9.9, and 526.4 Ϯ 10.3 Ma (1 errors), consistent with the published value of 523.1 Ϯ 2.6 Ma (36). A continuous-wave laser system was used to step-heat 43 samples in three to nine steps, and a VG5400 mass spectrometer was used to collect the Ar gas. In addition to normal blank and interference corrections, Ar produced by cosmic-ray spallation was subtracted from each sample by deconvolving the proportion of 36 36 Ar ϭ 295.5) could be subtracted from the data. The apparent ages derived after this subtraction were identical to the apparent sample age without this extreme correction. Even in samples containing an uncorrected amount of 40 Ar, the apparent ages will be older than, not younger than, the true ages. This effect is irrelevant to our conclusions. Representative plateau and isochron data can be found at Science Online at www. sciencemag.org/cgi/content/full/290/5497/1754/ DC1. Further details of data collection and reduction may be found in (39 Table 2 are shown in the histogram (bin size, 0.20 Gy). The shaded area is a 0.20-Gy interval representing the lunar cataclysm. No impact melts within these meteorites predate the proposed cataclysm, though the sometimes large uncertainties produce a tail in the ideogram Ͼ3.9 Ga. A comprehensive investigation of polar stratospheric clouds was performed on 25 January 2000 with instruments onboard a balloon gondola flown from Kiruna, Sweden. Cloud layers were repeatedly encountered at altitudes between 20 and 24 kilometers over a wide range of atmospheric temperatures (185 to 197 kelvin). Particle composition analysis showed that a large fraction of the cloud layers was composed of nitric acid trihydrate (NAT) particles, containing water and nitric acid at a molar ratio of 3 :1; this confirmed that these longsought solid crystals exist well above ice formation temperatures. The presence of NAT particles enhances the potential for chlorine activation with subsequent ozone destruction in polar regions, particularly in early and late winter.
Since the early 1980s, the formation of a large ozone hole above Antarctica during southern spring has become a yearly event. Stratospheric air isolated within the polar vortex cools during winter to temperatures that allow the formation of polar stratospheric clouds (PSCs) at altitudes between 15 and 25 km (1). The cloud particles provide surfaces for the activation of otherwise relatively unreactive chlorine-containing molecules. Upon the return of sunlight in the spring, the cloud-processed chlorine species are photolyzed and induce dramatic ozone losses (2) . To a lesser extent, the north polar stratosphere also experiences low winter temperatures within a well-developed vortex, leading to the formation of PSCs and subsequent ozone destruction (3). Satellite and field measurements in both polar regions have shown that many PSCs exist well above the frost point of water, T ICE , the temperature in the stratosphere near 188 K below which ice particles can form (4-6). For those PSCs the important role of the trace gas nitric acid (HNO 3 ) has been recognized. Early atmospheric models predicted the formation of solid nitric acid hydrate crystals at temperatures above T ICE (7, 8) . Laboratory studies revealed that nitric acid trihydrate (NAT, HNO 3 ⅐3H 2 O) would be stable up to 7°above the frost point in the lower stratosphere (9) . Measurements at these temperatures from high-flying aircraft and ground-based LIDAR (light detection and ranging), however, often identified liquid supercooled ternary solution (STS) droplets instead of solid particles (10 -12) . The composition, phase, and formation temperature range of PSCs are critical for atmospheric models that predict ozone losses in polar regions. NAT is believed to be the most stable particle under stratospheric conditions. As a result of its low vapor pressure, NAT can exist at higher temperatures than STS droplets or ice particles, with the consequence that chlorine activation can proceed over wider areas and for longer time periods. By scavenging nitrogen compounds, NAT particles hinder the passivation of active chlorinated substances through reactions with nitrogen oxides. The removal of particles through sedimentation to lower altitudes, a process called denitrification, increases the efficiency of chlorine activation and is only possible through the formation of crystalline PSC particles. Despite their importance, no direct chemical analysis of NAT particles in the stratosphere has been made, although they have been identified in many laboratory studies (9, 13) and inferred from atmospheric measurements (6) .
In January 1998, a direct particle composition measurement was performed in lee waveinduced PSCs above Scandinavia (14 -16) . STS droplets containing water, nitric acid, and sulfuric acid were observed. As expected from STS theory, a close correlation between low atmospheric temperatures and the presence of PSCs was found. A more comprehensive set of instruments to investigate chemical, physical, and optical properties of PSCs was launched at 20 UT (universal time) on 25 January 2000 from the balloon facility Esrange, near Kiruna, Sweden. The crucial instrument on both flights was an aerosol composition mass spectrometer (ACMS) that uses an aerodynamic lens to focus particles into a narrow beam (17) and separates them from ambient gases. The particles are then evaporated inside a small sphere, and the evolving gases are analyzed with a mass spectrometer. Simultaneous measurements of particle number density and size were performed with particle counters (18, 19) . Backscatter ratios and depolarization were measured with two backscatter sondes (20, 21). A water vapor experiment determined the frost point T ICE (22). A number of sensors measured the ambient stratospheric temperature with a precision better than Ϯ0.5 K to establish a correlation with PSC particle parameters such as volume and composition.
A vertical cross section of the temperature distribution along the flight track at 22 UT was simulated with a mesoscale meteorological model (23) (Fig. 1) . The balloon trajectory (thick line) crosses the extension of a cold trough that had developed over the Scandinavian mountains as a result of adiabatic expansion of ascending air masses in mountain-induced gravity waves. Temperatures determined during the flight are in general agreement with the model simulations, although the latter cannot resolve the measured small-scale temperature fluctuations. The cold temperature pattern between 21 and 24 km extended upwind toward the Scandinavian mountains, indicating that particles sampled during the flight could have nucleated in those cold regions. Near 22 km on the first ascent, the observed temperatures were 1 to 2 K below T ICE . During the 2-hour mea- 
